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Graphene has evolved as a platform for quantum transport that can compete with the best and
cleanest semiconductor systems. Recently, many interesting local properties of carrier transport
in graphene have been investigated by various scanning probe techniques. Here, we report on
the observation of distinct electronic jets emanating from a narrow split-gate defined channel in
bilayer graphene. We find that these jets, which are visible via their interference patterns, occur
predominantly with an angle of 60 ◦ between each other. This observation is related to the specific
bandstructure of bilayer graphene, in particular trigonal warping, which leads to a valley-dependent
selection of momenta for low-energy conduction channels. This experimental observation of electron
jetting has consequences for carrier transport in graphene in general as well as for devices relying
on ballistic and valley selective transport.
I. INTRODUCTION
The remarkable electronic properties of graphene-
based van-der Waals heterostructures has led to a broad
interest in both their possible applications as well as fun-
damentally new physics phenomena [1, 2]. The possi-
bility to electrically control the band-gap in an unprece-
dented manner [3–5] makes bilayer graphene a promising
platform for fundamental quantum electronic building
blocks such as quantum dots and quantum point con-
tacts [6–9].
While many global properties of these systems are well
studied and understood, the local behavior of electron
flow through the device cannot be measured in conven-
tional transport experiments. Scanning probe experi-
ments excel at providing spatial information. Among
such experiments, Scanning Gate Microscopy (SGM) is
a powerful tool to study the electron flow in high mo-
bility, two-dimensional electron gases at cryogenic tem-
peratures. To this end, a voltage-biased metallic tip
is scanned above the sample surface, thus capacitively
and locally perturbing the potential landscape of the de-
vice. This technique was used to image a plethora of
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local phenomena [10–15], its milestone-experiment be-
ing the observation of branched electron flow in the two-
dimensional electron gas behind quantum point contacts
in Ga(Al)As-heterostructures [16–18].
Crucial requirements for observing electron jetting are
(i) a tunable electrostatically defined electronic constric-
tion avoiding edge disorder and (ii) a clean bulk allowing
for ballistic transport over micrometer distances. Both of
these were realized in bilayer graphene only recently with
the experimental demonstration of high-quality quantum
point contacts [6, 7] and quantum dots [8, 9].
We use scanning gate microscopy to explore the mod-
ification of electronic transport in bilayer graphene in
close vicinity to a gate-defined constriction. The thus ob-
tained conductance maps depict two distinct jets, which
emanate from the constriction at an angle of 60◦ with re-
spect to each other. The angular distribution of these two
jets is a result of the preferential selection of momenta
due to the lowest-energy modes of the channel and the
trigonally warped bulk dispersion of the gapped bilayer
graphene relevant for ballistic electron motion. This is
in stark contrast to the small-angle scattering origin of
electron branching observed in similar measurements on
Ga(Al)As heterostructures [17, 18].
The electron jetting along preferred crystallographic
directions observed in our measurements is of general rel-
evance for carrier transport in bilayer graphene devices.
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2Quantum devices utilizing the valley degree of freedom
will be affected by these fundamental effects and exploit-
ing them opens new avenues for device design.
II. SGM ON A BILAYER GRAPHENE
CHANNEL
A. Experimental Details
Our measurement setup consists of a sample made
of a nano-structured van der Waals stack and a metal-
lic SGM-tip scanning above it, as depicted schemat-
ically in Fig. 1a. The stack consists of a bilayer
graphene (BLG) flake encapsulated between 32(40) nm
thick hexagonal Boron Nitride (hBN). Fabricated as in
Ref. [6], the BLG is contacted by source and drain con-
tacts and gated by a graphite backgate and two metal-
lic split-gates on top of the device (300 nm long and
50 nm apart). The joint action of the split-gate volt-
age VSG applied to both split-gates and the back-gate
voltage VBG results in a gate-induced displacement field
D = [CBG(VBG − V 0BG)− CSG(VSG − V 0SG)]/(20) in the
split-gated area. Here, CSG (CBG) are the respective
split(back)-gate capacitances per unit area [19] and V 0SG
(V 0BG) are the offsets of the charge neutrality point in
the double gated regions from zero. For appropriate
gate-voltages, the resulting displacement field opens a
bandgap in the double gated region while simultaneously
keeping the Fermi energy in the gap. This renders the
bilayer graphene insulating in the area below the split
gates and confines the source-drain-current to the non-
insulating channel between them (see [3] for more de-
tails).
We use SGM to study the spatial structure of electron
flow in the graphene bulk behind the channel at T =
270 mK. The voltage-biased, metallic scanning force mi-
croscope tip is scanned 30 nm above the surface of the top
hBN. Applying a source-drain voltage VSD = 50µV, we
measure the linear conductance G(x, y) = ISD(x, y)/VSD
as a function of tip position (x, y) in the areas behind the
channel (cf the red-marked areas in Fig. 1a). Due to the
capacitive tip-sample coupling, the tip-voltage influences
the charge density and the energy gap of the BLG lo-
cally. If the region below the tip is rendered insulating, it
scatters electrons. Unless stated otherwise, all our mea-
surements are performed at a tip-voltage Vtip = −10 V
which we expect to induce a depletion disk below the tip
apex (for details see supplementary S1).
B. Forming a Bilayer Graphene Channel
In order to characterize the interplay of the split-gate
and the back-gate voltages, we measure the conductance
G(VBG, VSG) shown in Fig. 1b in the absence of the tip.
We observe two conductance minima which occur at fi-
nite back-gate voltages and are independent of the split-
gate voltage. These minima arise when the back-gate
voltage tunes the Fermi energy in the regions outside
the split-gated area into the charge neutrality point [20].
In addition to these minima, we observe a conductance
minimum depending linearly on both the split-gate and
the back-gate voltage (cf diagonal line of reduced con-
ductance in Fig. 1b, partly marked by red dots). Along
this minimum, the Fermi energy in the split-gated area is
tuned into the bandgap opened by the gate-induced dis-
placement field D. This renders the split-gated regions
insulating, confining the source-drain current to the re-
maining conductive region between the gates. As the
displacement field induced by the split- and back-gate
voltages increases for larger gate-voltage differences, the
bandgap itself increases along this minimum in the direc-
tion of the red arrow labeled D in Fig. 1b.
The electronic channel couples to the split-gates via
stray-fields only, such that the electrostatic coupling of
the channel to the gates is dominated by the back-
gate. The electron density in the channel thus in-
creases with increasing displacement field. Our obser-
vation of complete pinch-off of the channel at D ∈
[0.21 V/nm, 0.35 V/nm] suggests that the channel reaches
its charge neutrality point at these displacement fields.
Additional data discussed in previously published work
reinforces this observation [21].
Measuring the conductance through the channel as a
function of displacement field along the red-dotted line
in Fig. 1b yields the data depicted in Fig. 1c. Apart
from the complete suppression of the current for the
aforementioned displacement fields, Fig. 1c also shows
an increasing conductance for decreasing displacement
fields. Since the channel’s charge neutrality point is
within D ∈ [0.21 V/nm, 0.35 V/nm], the Fermi-energy for
D < 0.21 V/nm lies close to or even within the valence
band within the channel. This renders the channel p-
type whereas the bulk around the channel as well as the
channel-ends are n-type. All our SGM measurements are
performed at a displacement field D ≈ 0.14 V/nm, for
which the conductance is approximately 2 e2/h (see the
blue arrow and the blue point in Fig. 1c).
C. SGM behind the Channel
1. Jetting
We perform SGM measurements in the regions indi-
cated by red squares on both sides of the split-gates in
Fig. 1a. The thereby obtained conductance map is de-
picted in Fig. 1d. In order to increase the visibility of the
relevant patterns, we plot a filtered conductance Gf (see
supplementary S2 for details of the filtering process). The
filtering procedure removes the background and elimi-
nates high-frequency noise on length scales smaller than
half the Fermi wavelength. On both sides of the chan-
nel, the filtered conductance Gf features narrow jets with
interference fringes emanating from the channel predom-
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FIG. 1. Observing jetting in a nano-structured bilayer graphene sample (a) Schematic of the measurement setup consisting of a
split-gate defined channel in an encapsulated bilayer graphene (BLG) sample and a metallic atomic force microscopy tip scanned
about 30 nm above the hBN surface. We measure the conductance G(x, y) between source (S) and drain (D) as a function of the
tip position (x,y) in the areas behind the channel (red rectangles). (b) Two-terminal conductance G(VSG, VBG) as a function
of split-gate (VSG) and back-gate (VBG) voltage. Charge neutrality (CNP) underneath the split-gates and hence the formation
of a channel is achieved along the diagonal conductance minimum. (c) Conductance as a function of the displacement field
D along the CNP (cf red dotted line). (d) Filtered conductance Gf(x, y) on both sides of the channel (see supplementary for
details on the filtering process). Clear jets with interference patterns emanate from the channel predominantly at 60◦ with
respect to each other on both sides of the channel. The black arrow marks an example of a secondary jet. e) Schematic of the
basic scattering processes possible in the sample. Upper scheme: Valley-conserving scattering off a smooth scattering potential.
Lower scheme: both valley conserving (black arrows) and valley-altering (orange arrows) scattering off the sample boundary or
atomic scale defects.
inantly at an angle of 60◦ with respect to each other. In
proximity to the main jets, we observe secondary jets as
indicated exemplarily by the black arrow in Fig. 1d. In
contrast to branched-flow measurements on Ga(Al)As-
heterostructures [16, 17], we observe no significant re-
duction of the conductance along the jets modulated by
interference patterns.
2. Interferences: Tip-Voltage Dependence
In order to study the influence of the tip voltage on
the occurrence of interference fringes, we measure the
conductance G(x, Vtip) as a function of the tip voltage
Vtip and tip-position x along the black dashed line on
the left hand side of the channel in Fig. 1d. The nu-
merical derivative dG(x, Vtip)/dx is depicted in Fig. 2a.
We observe interference fringes for Vtip < −4 V far below
the least-invasive tip voltage Vtip ≈ 0.25 V (for details
see supplementary S3). These interference patterns al-
most completely disappear at Vtip ≥ −4 V (cf above the
dashed black line in Fig. 2a) and do not reappear for any
more positive tip-voltages.
The observed tip-voltage dependence suggests that the
interference pattern originates from scattering of electron
waves off a tip-induced depletion disk. For tip voltages
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FIG. 2. Interference along the jets (a) numerical derivative of the conductance G(x, Vtip) along the black dotted line on the
left-hand side of the channel in Fig. 1d. The black dashed line denotes the approximate, negative tip-voltage threshold beyond
which interferences are observed. (b) re-normalized conductance ∆G(x, y)renorm (for details see supplementary) measured in
the area denoted by the black rectangle on the left-hand side of the channel in Fig. 1d. Each line is vertically offset with
respect to the previous line. A periodicity of λF/2 ≈ 29 nm is observed (cf black arrow).
more negative than the least-invasive tip voltage V litip,
the tip reduces the charge carrier density below its apex.
Once the tip voltage reaches Vtip < −4 V, the Fermi-
energy underneath the tip is tuned into the bandgap
opened by the displacement field between back-gate and
tip. This induces an insulating depletion disk below the
tip. We do not expect to reach the regime in which the
depletion disk fills with a p-type region for the boundary
conditions of our experiment (see supplementary).
Interferences: Periodicity
Both measurements behind the channel (cf. Fig. 1d
and Fig. 2a) depict quasi-periodic interference fringes. In
order to verify the periodicity of these patterns, we per-
form high-resolution scanning gate imaging in the area
denoted by the black rectangle on the left hand side of
the channel in Fig. 1d. The re-normalized difference of
the conductance, ∆Grenorm(x, y), measured within this
area is depicted in Fig. 2b. Here, x denotes the axis
along the long side of the rectangle in Fig. 1d and y the
axis along the short side of the rectangle. Details on the
renormalization of the conductance can be found in the
supplementary material (S4). For better visibility, each
line depicted in Fig. 2b is slightly offset with respect to
the previous line. Highlighted by the alternation of the
grey/white background color, the measurement indeed
reveals a periodicity of ≈ 29 nm. This value is in good
agreement with the Fermi-wavelength estimated via a ca-
pacitive model for the van der Waals stack, for which
ns = 0r
[
VBG − V CNPBG
]
/(ed) = 4.12× 1011 cm−2 and
therefore λF/2 ≈ 28 nm. Here, V CNPBG is the experimen-
tally observed offset of the charge neutrality point of the
bulk regions close to the channel.
3. Magnetic Field Dependence
In order to shed light onto the origin and scale of the
interference fringes, we measure the conductance on the
left side of the channel at various small, vertically applied
magnetic fields. The numerical derivative dG(x, y)/dx of
the measured SGM images is depicted in Fig. 3. The
dashed half-circles in the scans at non-zero magnetic
fields indicate the classical cyclotron radius Rc = ~kF/eB
around the center of the channel for the respective mag-
netic field. While the interference pattern extends be-
yond the scan-frame for B = 0 T, its radial range from
the channel center is already reduced for B = 60 mT.
Notably, the strongest interferences at B = 60 mT are
observed within the circle defined by the cyclotron ra-
dius. A further reduction of the range of the interference
pattern arises systematically for B = 75 mT, 90 mT and
B = 125 mT. For all these magnetic fields, the radial dis-
tances for which the interference fringes are observed are
of the order of the cyclotron radius. At very large mag-
netic field (example here: B = 500 mT), the cyclotron
orbit is so small that no interference fringes are observed
any more. Only larger scale conductance modulations
observed close to the channel remain. This magnetic-
field dependence of the interference patterns indicates
that they are related to ballistic electron transport.
D. Understanding the 60◦ angle between the jets
We interpret the experimental observation of jets in
scanning gate images in terms of the anisotropy of elec-
tron propagation in gapped BLG [22]. BLG’s low-energy
dispersion is anisotropic due to trigonal warping induced
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FIG. 3. SGM measurements on the left-hand side of the channel in Fig. 1d at varying magnetic field. The respective cyclotron
orbit for each magnetic field is denoted by the dashed, black half-circle centered around the channel center. For B 6= 0, the
strongest interference patterns are observed for tip-channel distances smaller than the cyclotron orbit radius.
by interlayer skew hopping [23]. This effect is enhanced
when one opens a gap by gating, thereby inducing an
asymmetry between the layers. Any anisotropy of the
dispersion entails an anisotropic angular velocity distri-
bution of adiabatic electron trajectories. To describe this
anisotropy, we use the expression [23]
E2 =
γ21
2
+
∆2
4
+ (v2 +
v23
2
)k2 −
[ (γ21 − v23k2)2
4
+ v2k2[γ21 + ∆
2 + v23k
2] + 2ξγ1v3v
2k3 cos 3ϕ
] 1
2
, (1)
for the electrons’ low-energy dispersion in gapped BLG,
obtained from the four-band tight-binding model. Here,
ξ = ±1 indexes the two valleys K±. We use a self-
consistent calculation for the interlayer asymmetry gap,
∆(ne), taking into account the electric susceptibility of
the constituent monolayers and the electron density re-
distribution between the layers [24] induced by displace-
ment field D and doping (see supplementary S5.1 for de-
tails). Given D = 143× 106 V/m and the charge car-
rier density ne = 4.1× 1011 cm−2 in the single-gated
region outside the channel, we find ∆ = 10.3 meV and
EF = 16.0 meV, and the Fermi contour lines in the top
panels of Fig. 4. We have tested the stability of the self-
consistent calculation against small variations of the hop-
ping parameters in BLG’s tight-binding description and
found qualitatively similar results, namely, a bulk Fermi
contour of approximately triangular shape in either val-
ley.
For each point along the Fermi contour, the charge car-
rier’s real space trajectory points along the direction
of the normal vector as indicated in Fig. 4. Approxi-
mately triangular Fermi contours like the ones shown in
Fig. 4 hence imply significant collimation of electrons in
the directions orthogonal to the dispersion’s flat parts
(i.e., each leg of the triangle), while only a few states
are available in the directions of the triangle’s corners.
Consequently, any intra-valley scattering event will give
rise to three scattered trajectories at mutual angles of
120◦, whereas direct backscattering by 180◦ will require
a change of the valley [see schematic in Fig. 1 (e)].
Similarly, we would expect six ”jets” (three per valley) of
electrons exiting the channel, if all states along the Fermi
line were equally occupied. For isotropic injection from a
point contact at an arbitrarily oriented BLG edge, three
of these jets would appear in positive propagation direc-
tion (supplementary S5.1).
However, the collimation by the dispersion can be further
enhanced by the electrons’ momentum distribution set by
the internal structure of the electron subband states in
the channel from which the electrons are injected. Popu-
lating different momentum states with different weights
leads to a population imbalance, selectively activating
the jets. We calculate the channel spectra and states us-
ing an earlier-tested [6, 25–27] numerical model for the
BLG quantum wire (supplementary S5.2), where, for a
channel conductance of ∼ 2e2/h, only the lowest channel
subbands are occupied. Hence, we weigh the occupancy
of the injected states using the Fourier transform of the
lowest subband channel wave function, |Ψ(k⊥)|2, indi-
6K− K+
α
α α
K− K+
α
FIG. 4. Fermi contours and collimated electron trajectories. Top: Fermi line for the BLG dispersion in the K± valleys in the
single-gated region outside the channel for parameters v = 1.02 ∗ 106 m/s, v3 ≈ 0.12v and γ1 = 0.38 eV. We call k‖, and k⊥,
the travelling momentum along the channel and the perpendicular component, respectively. The gray bar is a density plot of
the momentum distribution, |Ψ(k⊥)|2, for electrons in the channel, ranging from white (no occupation) to gray (substantial
occupation). We compute this distribution from the lowest channel subband state, Ψ(k⊥), in momentum space, and use it as a
weight for different velocity states along the Fermi line. Bottom: combining the angular distribution of velocities obtained from
the bulk dispersion in the direction of propagation with these weight factors predicts two valley-polarized jets when injecting
electrons from the channel into bulk BLG for a generic orientation of the channel (here, the armchair edge of BLG is misaligned
by 5◦ with respect to the channel axis).
cated by the grey-scale bar on the k⊥ inset in Fig. 4.
In the bottom panel of Fig. 4, we show the velocity dis-
tribution for a generic orientation of the channel (e.g., 5◦
misalignment between the BLG zig-zag axis and the sam-
ple edge) and including a 5◦ angular broadening. Two
valley-polarized electronic jets emerge from the QPC at
a mutual angle of 60◦. For an arbitrary edge orienta-
tion, the jets may appear deformed, but the 60◦ angle
between them is a universal feature, prescribed by trigo-
nal warping of a gapped BLG dispersion (see supplemen-
tary S5.3).
The anisotropic distribution and valley selectivity of
the jets yields a distinct configuration of possible scat-
tering mechanisms. The most basic of these scattering
processes are depicted in Fig. 1e. Scattering off a smooth
scattering potential, as e.g. introduced in the graphene
layer by the tip-induced electrostatic potential, results
in the valley-conserving scattering depicted in the up-
per panel of Fig. 1e. The incoming electron (red arrow),
which we assume to be in the K− valley as an example,
scatters off the smooth scattering potential denoted by
the light-blue circle. The intra-valley scattering results
in three K−-valley trajectories at a mutual angle of 120◦
(black arrows). On the contrary, scattering off the atomi-
cally rough sample boundary or an atomic scale defect, as
e.g. introduced by a lattice defect, can either keep or al-
ter the valley quantum number. As depicted in the lower
panel in Fig. 1e, the incoming trajectory (red arrow) in
valley K− can thus be scattered into six different tra-
jectories by an atomic scale scattering site (small black
circle). While three of these trajectories (black arrows)
conserve the valley quantum number, the atomic-scale
scattering site can also introduce inter-valley scattering
resulting in the three trajectories (orange arrows) in the
other valley (K+).
As the smooth tip potential does not allow for inter-
valley scattering, backscattering by 180◦ off the tip is
prohibited. This agrees with our observation that the
7conductance along the jets is generally not reduced, in
contrast to the measurements of branched flow behind
Ga(Al)As-channels [16–18] where backscattering of the
tip-induced potential is the dominant mechanism. If a
scattering site is positioned right within the direction of
the jets emanating from the channel, scattering can give
rise to secondary jets. Such secondary jets are observed
in the experimental data, an example being marked by
the black arrow in Fig. 1d.
As the elastic mean free path of the charge carriers out-
side the channel is on the same scale as our sample size,
carriers emanating from the channel will predominantly
follow the directions of the jets. Scattering off atomical
defects in the bulk or at the sample boundaries or the
tip-induced electrostatic potential changes the direction
of the carriers away from the jets. Depending on the new
direction and following scattering events, the charge car-
riers complete different paths before reaching the drain
contact or being backscattered through the channel, lead-
ing to classical conductance fluctuations. Quantum in-
terference occurring between paths with the same valley
quantum number lead to the distinct interference pattern
observed along the jets in the experimental data on the
scale of half the Fermi wavelength (Fig. 1d, Fig. 2 and
Fig. 3). The interference stripes may have any orienta-
tion with respect to the jet direction. This is consistent
with our experimental observation in graphene and in
contrast with the observations in Ga(Al)As-systems [16–
18].
III. CONCLUSION
We presented scanning gate microscopy measurements
in close vicinity to a split-gate defined channel in
high-quality bilayer graphene. The thereby obtained
conductance maps depict two distinct jets emanating
from the channel at an angle of 60◦ with respect to
each other. These jets become visible through λF/2-
periodic interference fringes which exist for tip-voltages
Vtip ∈ [−10 V,−4 V]. The magnetic field dependence of
these interference patterns suggests their relation to bal-
listic electron transport. In contrast to similar measure-
ments on Ga(Al)As heterostructures, the occurrence of
the jets is not rooted in random electron lensing due to
small-angle scattering in a correlated long-range disorder
potential. Rather, the jets originate from the distinct
bandstructure of bilayer graphene. The trigonal warping
of the latter in conjunction with the valley-dependent se-
lection of momenta in low-energy conducting channels re-
sults in two valley-polarized jets emerging from the chan-
nel at a mutual angle of 60◦.
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